An endonuclease activity that reacts with x-irradiated DNA is present in extracts of E. coli. By using centrifugal methods to monitor the conversion of the supercoiled, circular double-stranded DNA for phage OX-174 (replicative form) or PM2 to the relaxed circular form it was possible to quantitate the rate of radiation induced endonuclease-sensitive sites in the DNA. For every single-strand break induced by x-rays under aerobic irradiation conditions, there is approximately one induced site sensitive to this endonuclease activity. Under irradiation conditions (addition of potassium iodide) that dramatically reduce rates of single-strand breaks and "alkalilabile" lesions, the number of endonuclease-sensitive sites relative to single-strand breaks increases approximately 4-fold. This nuclease is present in several strains of E. coli B and K12, including mutants deficient in DNA polymerase I, recombination gene products (rec mutants), ultraviolet light incision enzyme (uvrA mutant), and endonuclease II. It is suggested that this endonuclease may be involved in an excision repair process for damages incurred in DNA by ionizing radiation.
It has been apparent for a number of years that bacteria repair damages induced by ionizing radiation. Most of the evidence for this has been genetic; that is, mutant strains of bacteria have been isolated which apparently lack repair systems.
The most readily detectable lesions produced by ionizing radiation are strand breaks. Single-strand breaks can be physically reconstituted in Escherichia coli B/r but not in radiosensitive B,-, (1) or recA (2) mutants. DNA polymerase I has been shown to be involved in a rapid repair system of single-strand breaks (3) as well as in x-ray stimulated repair synthesis in toluene-treated Bacillis subtilis cells (4) . A slower recombinational repair of single-strand breaks is dependent upon the recA gene product (3) . Polynucleotide ligase under certain in vitro conditions has been shown to seal single-strand breaks induced by x-rays (5) and has been indirectly implicated in repair synthesis in the B. subtilis toluenized cell system (4) .
Comparisons between physical studies on strand breakage and bacteriophage lethality (6) (7) (8) (9) have led to the hypothesis that damages other than strand breakage, such as base and sugar damages, contribute to lethality induced by ionizing radiation. Hariharan and Cerutti have described a radiolysis product of thymine which appears in the acid-soluble fraction during post-irradiation incubation of M1icrococcus radiodurans (10) , thus indicating a possible excision-type repair mechanism for base damages. Also, extracts of .If. luteus exhibit endoAbbreviations: UV, ultraviolet; RF, replicative form. * Present address: Cellular and Molecular Radiobiology Group, H-9, Los Alamos Scientific Laboratory, Los Alamos, N.MA. 87544. 1997 nuclease activity for DNA irradiated in vivo (11) or in vitro (12) by y-rays. Recently Wilkins has shown that E. coli DNA y-irradiated in vivo possesses sites sensitive to the .If. luteus enzyme activity (13, 14) .
In this paper, we describe an endonuclease activity in extracts of E. coli which is specific for x-ray-damaged DNA.
MATERIALS AND METHODS
Bacterial Strains. The following strains of E. coli B and K12 were used in this investigation:
B strains: B, B/r, B.,1 (15) ; and Hs3OR, argF, uvrA (16).
K12 strains: JG138, thy-, rha-, lac-, polAl, strr(17); AB1157, thi-I, argE3, his-4, proA2, leu-6, thr-1, lacY1, galK2, ara-14, mtl-1, xyl-5, str-31, tsx-33, X-, sup-37 (18); AB2463, thi-1, argE3, his-4, proA2, thr-1, leu-6, recA13, mtl-i, xyl-5, ara-14, galK2, lacY1, tsx-33, str-31, A-, sup-37 (19) ; AB2470, thi-1, argE3, his-4, proA2, thr-1, leu-6, recB21, mtl-1, xyl-5, ara-14, galK2, lacY1, str-31, tsx-33, X-, sup-37 (20) ; AB3027 (obtained from Dr. P. Howard-Flanders), thi-1, argE3, his-4, proA2, thr-1, leu-6, mntl-i, xyl-5, ara-14, galK2, lacY1, str-31, tsx-33, Xs, sup-37, T1i, T48, Pm+, M.MS'9, EndolI-; AB3058, thi-1, argE3, his-4, proA2, thr-1, leu-6, recC22, mtl-1, xyl-5, ara-i4, galK2, lacY1, tsx-33, str-31, A-, tlr-i3 (21) .
Pseudomonas 13AL [thymine-requiring auxotroph (22) 3 months when stored under these described conditions. Protein determinations were performed as described by Goa (23) .
X-Irradiation. DNA samples to be irradiated (6-8 Mg/ml) were in 0.01 M Tris * HCl buffer, 1 mM EDTA, pH 8.0 (to be referred to as Tris-EDTA buffer) and x-irradiated using a Picker x-ray source; the parameters of irradiation were 60 kV, 2.5 mA. The dose rate was 27.6 krads/min. DNA samples between 50-100.ul were placed in plastic cups and irradiated at room temperature.
Ultraviolet Irradiation. Irradiation with UV light was performed with a General Electric 15 W germicidal lamp (G15T8) using a quartz window filter containing glacial acetic acid (24) . was monitored using centrifugal analysis. This method has been successfully applied in several labs in the determination of rates of induction of various lesions in DNA by ionizing radiation (6, 9, (25) (26) (27) . Since the sedimentation behavior of either RFI and RFII (28) (25) using ethidium bromide/CsCl equilibrium centrifugation in the final purification step. The doublestranded circular form of phage PM2 DNA was prepared by a modification of the procedure of van der Schans et al. (9) . incubated prior to centrifugation with or without the addition of E. coli B/r extract. From the results shown in Fig. 1 , it can be seen that treatment of x-irradiated RF-DNA with the B/r extract results in a substantial increase in the formation of RFII (Fig. id) compared to the irradiated non-extract-treated sample (Fig. lc) , thus indicating the formation of specific types of single-strand breaks upon extract treatment of irradiated DNA. However, incubation of the unirradiated RF-DNA with the E. coli B/r extract (Ib) results in little, if any, production of single-strand breaks compared to the unirradiated, nonextract-treated control (Fig. la) . Fig. 2 shows RF-DNA x-irradiated to either 60% or 50% surviving RFI incubated with various amounts of E. coli B/r extract. In both examples, the maximum endonuclease activity reactive towards x-irradiated DNA is obtained by the addition of 7-10 /Ag of protein to the reaction mixture. Furthermore, extracts prepared from the radiosensitive strain of E. coli, Bo1,, (15) demonstrated. Exposure of calf thymus DNA to 27 krads x-rays, the highest dose tested, resulted in greater than 80% inhibition of the endonuclease activity toward the x-irradiated RF-DNA. In analogous experiments using UV-irradiated competing DNA, essentially no competition could be demonstrated at energy fluences up to 200 J m-2.
It is known that ionizing radiation induces alkali-sensitive sites in DNA, whereupon irradiated DNA exposed to alkaline conditions contains single-strand breaks not present when the DNA is exposed to neutral pH conditions (30, 31) . OX-174 RFI or PM2 I was x-irradiated in Tris-EDTA buffer for a series of doses, adjusted to pH 12.2 or 11.9, respectively, neutralized, and analyzed for the percent remaining RFI or PM2 I on low-salt, neutral sucrose gradients [kX-174 RFI and PM2 I are reversibly renatured under these conditions (28, 32) ]. In either DNA sample, about one alkali-labile site was detected for every single-strand break observed under neutral conditions. However, prior incubation of the irradiated DNA with extracts of AB1157 or AB3027 before alkali treatment did not result in additional extract-induced strand breakage. Thus it would appear that under these conditions the endonuclease activity present in the extracts acts at or near those radiation-induced sites that are sensitive to alkaline conditions. Endonuclease activity in extracts of E. coli reactive towards x-irradiated DNA. Aliquots of x-irradiated RF-DNA (50% remaining RFI) were incubated in the standard reaction mix (see Materials and Methods section) with 10 /Ag of protein (extract) isolated from the various listed E. coli strains. The mixture was then analyzed, using high-salt sucrose gradients, for the percent remaining RFI.
* Nonirradiated RFI showed 5% or less conversion to RFII upon incubation with extracts (10 j;g per reaction) isolated from any strain listed. The addition of potassium iodide to the radiation medium greatly reduces the "indirect effects" of x-irradiation, because of the effective scavenging of hydroxyl radicals by iodide (33) . Recently it was shown that hydroxyl radicals contribute substantially to the formation of single-strand breaks in DNA irradiated in solution (34) . The effect of KI addition on the kinetics of formation of x-ray-induced single-strand breaks and endonuclease-sensitive sites in PM2 DNA was examined. From the data in Fig. 4a , it is calculated that the rate of formation for x-ray-induced single-strand breaks in Tris-EDTA buffer (D37 equals 8 krads) is 0.021 break/106 daltons per krad. Treatment of the irradiated DNA with AB3027 extract prior to centrifugal analysis resulted in an additional 0.021 break/106 daltons per krad (D37 equals 4 krads). In addition, alkali treatment of irradiated P.M2 DNA with or without extract addition resulted in a D37 equalling 4 krads.
In Fig. 4b (12) for the 11. luteus extract activity. Similar endonuclease activities reactive towards I)NA exposed to ionizing irradiation have been isolated from Bacillus subtilis (35) and HeLa cells (36) . Irradiation of PI\12 1)NA in Tris-EI)TA buffer with KI resulted in a 6-fold reduction in the number of singlestran(l breaks, yet the rate of formation of endonucleasesensitive sites was about 70% the rate attained when the DNA was irradiated in the absence of KI.
Although the substrate specificity of the endonuclease reported here is not well defined, it is apparent that this activity is independent of the ultraviolet incision enzyme (37) (38) , contain the same amount of x-ray-specific endonuclease as the parent strain. The exact chemical nature of the radiation-induced alteration (s) in the DNA that acts as the substrate for this endonuclease is not well defined. It would appear that the enzyme can react at or near those radiation-induced sites that are labile to alkaline hydrolysis when the DNA is irradiated in airsaturated Tris solutions. However, when the rate of induction of single-strand breaks and "alkali-labile" lesions is greatly reduced by the addition of KI, the enzyme can recognize other x-ray-in-duced base damages.
Thus it appears that there exists in E. coli anl enzyme activity capable of incising x-ray-induced damages in DNA in a manner perhaps analogous to the first step in ultraviolet excision repair. It would be worthwhile to purify this enzyme, study its substrate specificity, auld determine its role in vivo.
